Introduction
Multiplicity is an inevitable issue in the interpretation of clinical trial data. It is defined as the potential inflation of type-I error rate (or alpha level) related to simultaneous multiple testing of different outcomes or end-points of interest. [1] [2] [3] [4] Conventionally, most regulatory agencies accept two-sided alpha of 5% in statistical analysis. However, the alpha control strategy can vary during testing for different hypotheses, like comparing different variables at different time points between different groups. Not controlling for multiplicity can lead the investigatorto claim some of the insignificant findings as "significant" (findings will be falsely significant). Many studies with hypotheses related to secondary and exploratory objectives have used strategies to account for multiplicity. [5] [6] [7] [8] The protocol in such studies states that no final inferences will be made from these exploratory tests. Any "significant" results will be considered only "signals" of possible real effects and will have to be confirmed in subsequent studies before any final conclusions are drawn.
To control large-scale multiplicity, arising mostly in areas like genomic testing and digital image analysis, the strategy to control the false discovery rate includes avoiding even a single false conclusion of significance (as other classic alpha control methods do). In other words, one should control the proportion of tests that come out falsely positive, thereby limiting that false discovery rate to some reasonable fraction. These positive results can then be tested in a follow-up study.
Approach to a Trial with Potential Source of Multiplicity
Step 1 is to consider a wide variety of multiplicity with its source in phase III trial. Multiplicity problem can be distinguished as traditional (single-source multiplicity component) or advanced (several sources of multiplicity). 4 Step 2 is adjusting for multiplicity, which can be related to a special situation known as a predefined or hierarchical testing sequence. It refers to sorting out end-point of interest in a sequential manner, that is, establishing a hierarchical series from the most important to the least one. 9 The testing for the most important end-point is initiated at a significance level of P < 0.05 subsequently with less important end-points until a nonsignificant result is encountered. However, if prespecification of meaningful ordering is not feasible, then the end-points of interest are tested in what is known as a data-driven testing sequence, that is, from the most significant to the least or vice versa. 9 Information on different testing sequence could prompt the selection of the ideal test to be done for multiplicity adjustment. Specification of various tests also depends on the study design and analytical strategy. Various tests proposed for multiplicity adjustment described in the literature are illustrated in accordance with the trial scenario. 10 is to test each hypothesis at the 0.05/n alpha level. 10 A good example is a phase III study on the treatment of metastatic castration-resistant prostate cancer, where the two coprimary end-points were evaluated in terms of radiographic progression-free survival (rPFS) and overall survival (OS). 11 To control overall alpha to 0.05 across the two primary end-points, P < 0.025 was considered for significance when testing each end-point. A similar alpha splitting strategy was used in the PREVAIL trial. 12 However, the Bonferroni test has a conservative approach, and hence, newer modified approaches like Fallback test are being increasingly used. Figure 1 demonstrates how Fallback test could be implied upon the aforementioned scenario. 10 In situations where there are multiple end-points to be evaluated at the same time, the Holms' test is the preferred alternative to the Fallback test. However, both the Fallback and Holms' tests are considered while evaluating three or more end-points. The testing strategy of Holms' test is represented in Figure 2 . 10 Sometimes advanced gate keeping tests like Hommels' test are necessary in trials having two or three sources of multiplicity, as in the case of lurasidone programme in schizophrenia 7,10 [ Figure 3 ]. In this study with several primary or secondary objectives, multiple dose-placebo comparisons along with other factors had prompted complex multiplicity issues. Such strategies are being increasingly used in complex phase III trials with several sources of multiplicity. 13
Multiplicity Adjustment in Subpopulation Analysis: Example of APEX Study
In recent years, the trend of "targeted" therapies has led to complex phase III trials based upon multiple-population analysis. Increasingly, the efficacy of new treatment is being analyzed in different subgroups, including the intention-to-treat population or all-comers population. 14 For instance, in the APEX trial, which examined the advantages of betrixaban over enoxaparin in patients at risk of venous thrombosis, the primary analysis was done in AP and two different subpopulations (S1 and S2) [ Figures 4 and 5 ]. 5 The two-sided P value for between-group difference in study population is depicted in Table 1 . The flexible and adaptable decision path in Hochberg's test [as depicted in Figure 5 ] would assist the trial sponsor to enable efficacy claim over one patient population even if the treatment effect is nonsignificant over another subpopulation. 10
Multiplicity Adjustment in Dermatological Trials
The CIMPASI-1 and CIMPASI-2 studies were designed to assess the efficacy and safety of Certolizumab Pegol (an Fc-free, PEGylated antitumor necrosis factor biologic) in moderate-to-severe chronic plaque psoriasis. Subjects were randomized 2:2:1 to certolizumab 400 mg, certolizumab 200 mg, or placebo every 2 weeks. 15, 16 The coprimary end-points were week 16 responder rates, defined as a 75% reduction in Psoriasis Area and Severity Index and Physician's Global Assessment (PGA) 0/1 (clear/almost clear) and ≥2-point improvement. Safety was assessed by treatment-emergent adverse events. In the pooled analysis of ongoing CIMPASI studies, multiplicity was controlled by fixed sequence testing procedure. 15 Bonferroni method was applied to the overall significance level of 0.05 to divide it by 2, that is, 0.025 to each dose (Certolizumab Pegol 400 and 200 mg). The hypothesis was arranged in two sets [H 1, H 3 , H 5 , H 7 ; H 2, H 4 , H 6 , H 8 ] as each hypothesis within a set represented the same dose for a specified outcome, while the alpha was split equally [ Figure 6 ]. Interestingly, Hommel's test could have been used (though not clarified in the trial), to check for multiplicity attributed to multiple dose-outcome relationship in comparison to the placebo. There are other studies depicting adjustments for multiplicity such as RESTORE1 trial, in which efficacy and safety of infliximab versus methotrexate was assessed in patients with moderate-to-severe plaque psoriasis. 17 The major secondary efficacy end-points were PASI 75 response at week 26 and the proportion of patients achieving a PGA score of 0 (cleared) or 1 (minimal) at weeks 16 and 26. All the secondary end points were adjusted using the Hochberg test. As previously mentioned, it allows more flexible way of testing than the fixed-sequence testing procedures in the subpopulation analysis. This test can also be used for multiplicity adjustments for secondary end-points as specified in RESTORE1 trial. All the major secondary end-points were deemed to be significantly improved in the infliximab group.
The flexible decision path adopted by Hochberg test was also used in a trial of a 12-week course of efalizumab 1 mg/kg subcutaneous compared with placebo. There was a significant improvement in the efficacy parameters such as the proportion of patients achieving PASI-75 and PASI-50, sPGA rating of minimal or clear, and the change in patients' Psoriatic Symptom Assessment (PSA) from baseline after multiplicity adjustment. 18 On the contrary, in ESTEEM-2 trial the efficacy and safety of apremilast, an oral PDE-4 inhibitor, was assessed using a hierarchical or fixed sequence testing for multiplicity adjustments for secondary end-points. 19 The major secondary end-point of the proportion of patients achieving sPGA response at week 16 was significantly improved compared with placebo.
Thus, the examples show that in principle, trials in dermatology are no different from the trials done in other specialities. In trials where multiple doses of a testing agent are looked for primary and secondary outcomes, the issue of multiplicity may arise if not properly adjusted. This might become more complex if tested in different subpopulations. However, a recent systematic review of randomized controlled trials in different dermatology journals has raised a definite apprehension regarding the low reporting of statistical variables in different studies, including paucity in multiplicity adjustment. 20 There were very few studies using methods such as Bonferroni's, Holm's, and Dunn's with a higher tendency of wrong rejection of the null hypothesis. It necessitates intervention to increase the level of statistical reporting in dermatological studies to increase the validity and reliability.
Multiplicity Adjustment in Interim Analysis
Interim analysis is the key to the monitoring of a lengthy complex trial in prespecified time point attributed to the termination of a trial in the verge of confirmed benefit or unexpected harm. There are diverse prospective statistical strategies for stopping a clinical trial early. Overall, the stopping rule for interim analysis needs to be conservative with respect to using more stringent P values to achieve significance level close to 0.05 in the final analysis. 1 For instance, using of P value ≤0.00003 during the first half and P value ≤0.002 in the second half of the HOPE (Heart Outcomes Prevention Evaluation) trial, retained the P value Significance level should be tested at S1 followed by S2 and lastly at AP. Treatment effect over S1 is deemed significant at P ≤ 0.05. In Step 2, treatment effect over S2 is deemed significant if Step 1 is significant followed by P ≤ 0.05 in Step 2. Subsequently, treatment effect over AP in Step 3 is conferred significant if Step 2 is significant followed by P ≤ 0.05 in Step 3
Figure 5:
Simulation of Hochberg's testing strategy in APEX trial: S1 has to be tested first as it corresponds to the largest P value followed by S2 and AP. In
Step 1, treatment effect over S1, S2, and AP is deemed significant at P ≤ 0.05. In Step 2, treatment effect over S2 and AP is deemed significant if treatment effect was nonsignificant in Step 1 but P ≤ 0.025 in Step 2. Treatment effect is significant in AP if treatment effect was deemed nonsignificant in Step 2 but P ≤ 0.017 in Step 3 
Comments
The US FDA and European Medicines Agency (EMA) have recently published a draft document on multiplicity in a clinical trial. 2, 3 The document highlighted the principle and basis of multiple comparisons arising in a confirmatory clinical trial with multiple objectives. However, there has been a debate over addressing multiplicity issues in exploratory or early phase trials, an issue that has not been satisfactorily explained in the draft guidelines. As of now, the trial sponsor needs to avert incorrect statistical interpretation in the initial trial phases, using robust statistical techniques. Examples include the MCP-Mod algorithm, a dose-finding strategy in phase II taking multiplicity adjustment into account. 23 The analytical strategy of multiplicity adjustments has been promulgated as the trial complexity has attained a high over the past few years. The basic tenets are to address different issues of multiplicity avoiding spurious finding in trial results. Future confirmatory studies are likely to be structured on several end points to attain multiple clinical objectives. Therefore, it is essential to consider all relevant statistical and clinical information to make a comprehended strategy in accordance with the trial objectives. It must include information about end-points of interest, different subpopulation, and other key statistical features.
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